Membrane fusion for morbillivirus cell entry relies on critical interactions 24
Proper assembly of the H-F glycoprotein complexes is therefore critical for 48
membrane fusion triggering and is believed to occur early within the host secretory 49 pathway (17). A region spanning residues 111-118 in the H-stalk domain was 50
proposed as a candidate microdomain mediating F-H interaction (11, 18, 19) . More 51 recently, several candidate residues in F were postulated to engage in short range 52 interactions with H. Indeed, key substitutions near the fusion peptide or at the base of 53 the F trimer led to a significant reduction in bioactivity, but this phenotype correlated 54 only with moderate impairments of physical glycoprotein interactions (18, 20) . 55
In this study, we therefore aimed at generating fusion-defective F mutants 56 retaining proper folding into the prefusion conformation, proteolytic processing and 57 cell surface transport but exhibiting severe deficiencies in H binding activity. We 58 conducted a systematic mutagenesis analysis of the region located at the base of the 59 CDV F trimer head, which is homologous to the MeV F microdomain that was 60 recently proposed to interact with the MeV H-stalk (20). Interestingly, the targeted 61 microdomain defines a large "cavity" that is formed by two adjacent F-monomers 62 (Table 1 and Fig. 1A) . In a first round of mutagenesis, a total of 29 residues were 63 mutated to alanine (the alanine residue at position 279 was changed to serine): 17 of 64 these were predicted to be located in one of the monomers lining the cavity, and 12 65 in the other (Table 1 and Fig. 1A) . 66
The resulting panel of F variants was initially screened for fusion activity using 67 a well-established transient cell-to-cell fusion assay and Vero-SLAM cells. Consistent 68 with data obtained previously for MeV F trimers (20), ten out of the 29 single F 69 mutants were clearly impaired in fusion activity. Of those, six showed strong fusion 70 on July 14, 2017 by guest http://jvi.asm.org/ defects while remaining efficiently surface expressed in their prefusion conformation 71 (E422A, Y436A, L437A, L482A, L506A and K508A) ( Table 1 and Fig. 1B) . Of note, 72 we used the recently described prefusion and postfusion conformation-specific 73 monoclonal anti-CDV-F antibodies (mAb-4941 and mAb-4068, respectively (14)) to 74 probe the conformational change of each F mutant. All F proteins carried in addition 75 a FLAG epitope tag in the ectodomain, which we have previously shown not to 76 significantly modulate bioactivity (14). Cell surface expression was quantified using a 77 monoclonal α-FLAG antibody and flow cytometry after immunostaining. 78
Hydrophobic protein-protein interfaces were recently proposed as major 79 contributing factors regulating paramyxovirus envelope protein interaction (20, 21) 80 and, indeed, the cavity microdomain of CDV F contains a considerable number of 81 hydrophobic residues that are predicted to be solvent-exposed by our CDV F 82 structural model (22) . To specifically test a role of hydrophobic contacts in H-F 83 interaction, we inserted, in a second round of mutagenesis, hydrophobic-to-polar or 84 charged substitutions at four of the six critical F cavity positions (two mutations were 85 introduced into each of the two monomers that define one cavity), resulting in F 86 variants F-L437D or Q, F-L482D or Q, F-L506D or Q, and F-K508E or R (Table 2) . 87
Strikingly, cell-to-cell fusion assays revealed that all mutants were either completely 88 or nearly completely defective in membrane fusion triggering (Table 2 and Fig. 1C) . 89
Importantly, using the F conformation-sensitive mAbs, immunofluorescence staining 90 followed by flow cytometry analyses revealed that the eight newly designed F 91 mutants preserved their prefusion conformational state (Table 2 ; Conf). In addition, 92 using the α-FLAG mAb, flow cytometry data indicated that all proteins were properly 93 transported to the cell surface, although F-L482D exhibited some deficiency (Table 2 ; 94
CSE). 95
To investigate whether impaired triggering of F refolding correlated with 96 physical disengagement of the mutant F trimers from the H protein, co-97 immunoprecipitation (coIP) experiments were conducted. Using a semi-quantitative 98 cell surface H/F coIP assay initially developed by Paal and colleagues (19), we noted 99 that F mutants L506D, L506Q, K508E and K508R were impaired in H-binding (coIP 100
efficiency was approximately 40-60% to that of wt F) ( Fig. 2A and B) . Western blot 101 analysis of total F protein clearly indicated that all F 0 precursors were properly 102 processed. The only exception was mutant F-L482D ( Fig. 2A; TL) . We also noted 103 that some mutants displayed slight mobility shifts of their F 0 and F 1 subunits. Since into charged or polar amino acids ( Fig. 2A) . 107
Since both F-L506D and F-K508E mutations led to fusion deficiency with 108 moderate effect on H-binding, we speculated that combining both substitutions may 109 lead to a more severe phenotype (Fig. 3A) . Thus, in a third round of mutagenesis, the 110 double F variant (L506D/K508E) was engineered and its ability to induce membrane 111 fusion investigated in cell-to-cell fusion assays. As anticipated, F-L506D/K508E was 112 completely fusion defective (Fig. 3B) . Biochemical characterization reveled that 113 substitutions of both hydrophobic residues into charged amino acids resulted in 114 slightly impaired folding and processing activities; reduced values compared to F-wt 115
were recorded for both cell surface expression and F 0 maturation efficiency ( Fig. 3C  116 and Table 2 ). Because of this reduction in surface expression of the double F mutant 117 compared to F-wt, we also assessed the intrinsic stability of mutant prefusion F 118 complexes. Indeed, we recently demonstrated that the height of the activation energy 119 barrier modulates fusion activity of morbillivirus F trimers (14, 15). We therefore 120 determined the temperature at which the trimers changed conformations using both F 121 in the cavity at residues L506 and K508 created an F mutant with the desired 148 phenotype: strongly impaired in fusion and H-binding activities, but lacking a 149 significant defect in folding, processing and cell surface transport competence. 150
It has been proposed that residues locating in the H-stalk section 110-118 are 151 involved in short range interaction with F trimers (18) and that tetrameric H-stalks 152 may assume a 4-helix bundle (4HB) conformation prior to receptor binding (11-13). 153
Moreover, it is noteworthy that in our structural model of prefusion CDV F, residues 154 L506 and K508 locate on one side of the cavity (which assumes an Ig-like 155 conformation) and towards the rim of the pocket ( Importantly, MeV and PIV5 F residues analogous to CDV F leucine 506 (L394 162 and L384, respectively) are conserved and were also suggested to be involved in 163 short range interactions with the respective attachment proteins (20, 21). In contrast, 164 residue L325 (residing on the opposite face of the cavity) was shown only in MeV F 165 to impact interaction with H; indeed, the analogous conserved residues PIV5 F-L315 166 and CDV F-L437 had no significant impact on the glycoprotein interactions (20, 21). 167
For PIV5 F, additional residues present in the Ig-like side of the F cavity were 168 proposed to be involved in short range interactions with PIV5 HN, but all residues 169 probed in the opposite side of the pocket reportedly did not influence the HN/F 170 interaction (21). Interestingly, adaptation of human parainfluenza virus type 3 to grow 171 in airway epithelium led to one mutation in the Ig-like domain of the F-globular head 172 domain that indeed led to the modulation of cell-to-cell fusion activity (26). Overall, 173 while these data may indicate subtle differences in how glycoproteins interact among 174 different paramyxoviruses, the Ig-like domain (one side of the cavity) seems to be 175 systemically involved. 176
Based on previous findings, either an inversed (27-29) or a direct (30) 177 correlation between attachment protein/F avidity of interactions and fusion triggering 178 efficiency was suggested; two phenotypes that appeared to correlate with attachmentproteins interacting with proteinaceous or sialic acid-containing receptors, 180 respectively (reviewed in (31, 32)). We propose that decreasing the avidity of 181 attachment protein/F interactions initially leads to increased fusion activity, but there 182 is obviously a reasonable limit and overcoming this threshold, resulting in a lack of 183 any appreciable interaction, then switches to fusion impairments. Alternatively, 184 mutations that reportedly modulate the strength of glycoprotein interactions could 185 impact bioactivity through other, more indirect molecular mechanisms (i.e. the 186 intrinsic F-triggering capacity of the H protein or the inherent ability of F to refold from 187 pre-to postfusion structures). In contrast, intracellular association of H/F hetero-oligomer complexes has 209 been described in the case of morbilliviruses (17). While MeV and CDV H proteins 210 may also assume a "four heads down-like" configuration, we hypothesize that due to 211 longer stalk sequences, H-heads could interact with the C-terminal region of the stalk 212 without covering the F-binding sites. Consequently, the H-stalk section 110-118 may 213 be able to dock into the Ig-like domain of F trimers while the complexes are still in the 214 ER of the host cell, as demonstrated for MeV glycoproteins (17). Alternatively, Hstate that could support intracellular H-F assembly via the single exposed F-docking 217 site. While it will be very informative to experimentally test these alternatives, we 218
propose that in either case intracellular morbillivirus H/F contacts remain non-219 productive, even after F 0 proteolytic processing in the Golgi apparatus, until H binds 220 to its receptor on a target cell membrane. conformation. The lack of the proposed cavity-uncovering event may be the reason 245 why these F trimers do not spontaneously refold despite permanently exposed 246 hydrophobic residues in the cavity domains. The precise H-to-F stoichiometry in 247 functional fusion complexes is not known. However, we consider it most likely that 248 induced exposure of only one Ig-like domain to solvent is sufficient to trigger the 249 conformational changes. Interestingly, substitution of only one of the two key 250 regulating residues (L506 and K508) was sufficient to drastically modulate membrane 251 fusion activity, whereas a combination of mutations was required to substantially 252 reduce the physical interaction with H. In addition, a single substitution in theopposite side of the pocket (L437) also strongly abrogated membrane fusion activity, 254 although did not significantly influence H/F interactions. These data suggest that the 255
Ig-like domain of the pocket may be involved in short range interaction with H, but the 256 cavity in its entirety is required to receive and further conduct the signal ultimately 257 leading to destabilization and refolding of the F trimer, as recently suggested for MeV 258 Nb: serial number; Mut: Position of the alanine substitution (except alanine 279 which was mutated into a serine); Mo: F-monomer mutated defining one of the cavity of the trimer; FA: fusion activity (monitored by transient F/H-induced cell-cell fusion assay). A fusion score was attributed to standard and mutated F proteins as followed: 0: no fusion, 1+: limited fusion, 2+: moderate fusion, 3+: strong fusion, 4+: massive fusion; CSE: cell surface expression monitored by immunofluorescence (anti-FLAG staining) followed by flow cytometry (normalized to Fwt); Conf: F conformational state at 37°C assessed with previously reported conformation-sensitive mAbs (Pre: prefusion-recognizing mAb and Post: postfusion-recognizing mAb); "-" : not applicable. Nb: serial number; Mut: Position an type of the substitution; Mo: Fmonomer mutated defining one of the cavity of the trimer; FA: fusion activity (monitored by transient F/H-induced cell-cell fusion assay). A fusion score was attributed to standard and mutated F proteins as followed: 0: no fusion, 1+: limited fusion, 2+: moderate fusion, 3+: strong fusion, 4+: massive fusion; CSE: cell surface expression monitored by immunofluorescence (anti-FLAG staining) followed by flow cytometry (normalized to Fwt); Conf: F conformational state at 37°C assessed with previously reported conformation-sensitive mAbs (Pre: prefusionrecognizing mAb and Post: postfusion-recognizing mAb); TCS (temperature of conformational switch): temperature at which F trimers switch conformation from prefusion to postfusion state (assessed by IF and flow cytometry with previously described conformation-sensitive anti-F monoclonal antibodies); N.D.: not determined; "-" : not applicable.
